In order to determine the structural requirements of fMLP analogs receptors, this work presents the results of a comparative conformational analysis of the active chemotactic peptide (formyl-Met-Leu-Phe-OMe) and its inactive analog (formyl-MetLeuψ [CSNH] Phe-OMe) using the theoretical method PEPSEA. This study showed that a γ turn structure centered on the central residue is the native structure of the chemotactic peptide fMLP analogs, where both CO(formyl) and NH(central residue) groups are available and ready to interact with the receptor. The inactive analog fML S P-OMe prefers instead a γ turn structure centered on the Met residue, where the two groups cited above are not available for this interaction. Our results and those of literature enable us to propose the "induced fit" model of Burgen for the molecular recognition process. Consequently, the activity of fMLP analogs chemotactic peptides would not be related to a specific secondary structure (β turn, γ turn or extended….) but rather to the freedom and the availability of the CO(formyl) and the NH group at position 2.
Introduction
The chemotactic peptide fMLP has received much interest in recent years, due to the key role that it plays in our body, particularly in the immune system, it induces the release of the polymorphonuclear leukocytes, the superoxide O -2 and the lysozyme enzyme of the neutrophil. [1] [2] [3] [4] It is considered to be a very active agent. 5 The structure-activity relationship was established as well as the specificity of the receptors located on the neutrophil cell surface. [6] [7] [8] [9] The studies carried out by Freidinger et al, [10] [11] [12] [13] which consist to create Lactam bridges in peptide structures and by Perdih et al to synthetis of α-amino-organometallic acids, 14 have shown the success of peptidomimetic in the field of the design of new therapeutic agents. The aim of these modifications is to limit the degrees of freedom and capture the bioactive conformation of a native peptide. In the case of fMLP analogs, several modifications have been made. [15] [16] [17] [18] [19] The influence of the terminal groups has been studied, and it has been demonstrated that esterification of the carboxylic C-terminal does not affect the biological activity of the molecule. 20 On the other hand, the substitution of the formyl group at N-terminal by the tert-butylcarbonyl group (Boc) results in a total loss of activity. 21, 22 In 1985 Sauvé et al tried to introduce changes at the back-bone by replacing amide bonds by thioamide ones which are more resistant to enzymatic hydrolysis. 15 The synthesized analogs were tested and the biological activities were evaluated using the release of lysozyme from human neutrophils. The replacement of the amide bond at the Methionine by a thioamide bond was carried out and resulted in a dramatic loss of activity. 3 The comparative conformational study of the two molecules formyl-Met-Leu-PheOMe and formyl-Metψ(CSNH]Leu-Phe-OMe showed that the active chemotactic peptide must have the formyl group free of any intramolecular interaction in order to be available for the formation of the complex with the receptor. 16 The substitution of the central residue with disubstituted α-α residues such as aminocyclohexanecarboxylic acid (Acc6) and aminocyclopentanecarboxylic acid (Acc5) resulted in an increase in activity. 23 Using a theoretical method, our comparative conformational studies of the parent peptide with these lathers have revealed that the native conformation of fMLP chemotactic peptides is the β-turn structure, despite the unavailability of the CO(-formyl). 24, 25 In order to continue our investigations on the structural requirements of the fMLP chemotactic receptors, 16, 24, 25 we present, through this work, a comparative conformational study of the parent active peptide (formylMet-Leu-Phe-OMe) and its thioamide analog (formylMet-Leuψ(CSNH)-Phe-OMe) devoid of any activity. 3 The main objective is to explain the difference in activity between the two tripeptides ( fig. 1) , to propose the native conformation of fMLP analogs and to determine the structural requirements for molecular recognition by their receptors.
conformational studies of several peptide molecules and their structure-activity relationship. 16, [24] [25] [26] [27] [28] [29] [30] [31] [32] This approach is based on the fact that the structural thermodynamic and statistical properties of a molecular system can be deduced only from a population presenting its conformational space. The principle of PEPSEA consists of generating a population of conformations that characterize a particular peptidic sequence. Rather than striving for global minima, the population of conformers is randomly generated using the subtractive method, 33 which generates numbers between 0 and 1. These numbers are then converted into values between -180 ° and + 180 ° and assigned to different torsional angles that define a starting structure of the analyzed molecule. After the random generation step, a minimization of energy to the closest minimum is performed using the conjugate gradient algorithm. 34 The convergence criterion was set to 10 -4 , terminating the calculation when the module of the vector constituted by the first derivatives becomes less than this value. Finally, a statistical analysis is applied to this population of minima to deduce the thermodynamic and structural properties of the peptides studied; this new approach is applied with the PEPSEA program.
The force field used by the PEPSEA program to compute the conformational energy is ECEPP/2 "Empirical Calculation Energy Program for Peptide". 35 This force field uses rigid geometry to represent the amino acid residues of the polypeptidic chain. The conformational energy function is the sum of four terms: Electrostatic term E ele , 12-6 Lennard -Jones term E LJ , hydrogen-bond term E hb and the torsion term E tor .
E conf = E ele + E LJ + E hb + E tor (1) The PEPSEA program uses the specific parameters of each residue (atomic coordinates, geometrical and energy parameters…) to describe the geometry of the peptidic molecules. The force field ECEPP/2 possesses the parameters of the 26 amino acid residues and of terminal protecting groups commonly found in proteins. However, for the thioleucyl residue that is not included in the database, we used the parameters proposed by Michel et al to consider the thioamide bond. 16 It is worth noting that the dielectric constant used by PEPSEA is D = 2 (Different of that in vacuous). According to Momany et al, 36 this effective dielectric constant D = 2 is equivalent to the experimental dielectric constant (set between 4 and 8) similar to that of proteins in a polar medium.
As all endogenous peptides, the tripeptides under investigation in this study are constituted by the sequence of amino acids, all in L configuration.
1. Experimental Procedure
The PEPSEA program described above carried out the conformational search and the localization of the most 
Methods and Materials
The method used in this study is called PEPSEA (PEPtidic SEArch). It was developed by Michel et al in the structural chemistry laboratory of the Sherbrooke University, 26 and it has shown its effectiveness in the theoretical stable conformers. For each two considered tripeptides, 20.000 conformers were randomly generated and energy minimized to the closest minima. During this generation, all torsion angles are allowed to vary except the amide bonds; ω (Met), ω (Leu) and ω (Phe) which are fixed at 180°. We have carefully ensured that the 20.000 generated conformations subjected to minimization are the same for both molecules. For each tripeptide, the first 100 conformers of lower conformational energies were submitted to a second energy minimization allowing all dihedral angles to be modified. For each of those 100 minima, the Hessian matrix was calculated and the free energy was evaluated. 37 The resulting conformers were sorted by increasing values of the free energies, and then clustered into groups of conformers having the same structural characteristics (β turn, γ turn or extended….).
The calculation of energy and minimization were performed on station HP pro-Intel (R) Core(TM) i3-3240 CPU @3.40 GHz at the faculty of sciences and techniques of Fez.
Results
For the evaluation of the minimization efficiency, we have studied the energy distributions of the 20.000 conformers of the 2 molecules: fMLP-OMe and fML S P-OMe. The next figure (Fig 2) represents these distributions.
Of these graphs, it can be seen that the conformers generated and minimized are grouped in a single distribution having a Gaussian form for the 2 molecules studied. This observation confirms the effectiveness of the minimization process. Tables 1 and 2 give the conformational characteristics of the fifty most stable conformers obtained after the second minimization for each tripeptide. Conformers were numbered by increasing free energy values. The conformational energies (ΔE) are given relative to the global minima: conformer 7 (E 0 = -5.65 Kcal/mol) for fM-LP-OMe and conformer 3 (E 0 = -4.65 Kcal/mol) for fML-S P-OMe. Free energy values (ΔG) have been computed relative to the same conformers at T = 300 K, the entropic contributions (-TΔS) and statistical weights (Wi) are also presented. The structural characteristics have been given for each conformer indicating the presence or not of an intramolecular hydrogen bond between the different donors and acceptors. The torsion angles for the fifty conformers of the parent peptide and the thioamide analog are listed in Appendices 1 and 2 respectively, with their conformational energies in Kcal/mol.
The conformational analysis of the fifty most stable conformers of the parent peptide fMLP-OMe (table 1) shows that it can adopt varied conformational structures, which the majority can be distributed into four classes:
The first class is represented by seventeen conformers adopting a β turn structure centered on Met and Leu.
Five of them are stabilized by a hydrogen bond between the CO formyl and NH of Phe: conformers (2, 4, 28, 42 and 43) , and twelve adopt this structure but without that the hydrogen bond being established: conformers (3, 5, 6, 11, 12, 13, 15, 18, 23, 29, 36 and 37) . Fig.3a gives a stereoscopic superposition view of the conformers belonging to this class, from which we can see that they are similar, mainly at the backbone level. The Met and Leu side chains are oriented in two different ways, while the Phe residue can rotate more freely. It is worth noting that several authors have suggested this structure for many fMLP-OMe analogs, using spectroscopic X-ray and NMR methods as well as molecular modeling studies. 21,23-25,38-42. Fig.4a shows a stereoscopic view of the superposition of our β turn structure (conformer 2, table 1) with those found by Bardi for the Boc-Met-Aib-Phe-OMe analog 21 , Rathore for the f-Met-AC8C-Phe-OMe 38 and Zecchini for the f-Met-Δ Z Leu-Phe-OMe 39 . This figure shows that there is a great similarity at the backbone level and that the only differences with our structure lie just at the side chains orientation of Methionine and Phenylalanine. The second class includes twelve conformers characterized by conformations adopting a γ turn structure centered on Leu, ten of them are stabilized by an intramolecular hydrogen bond involving the CO of Met and NH of Phe (1, 16, 19, 20, 33, 41, 44, 46, 48 and 49) . It is interesting to note that the most stable conformer regarding the free energy belongs to this class. Fig.3b presents the stereoscopic superposition view of the conformers of this class, showing that the major variability is at the Met side chain. Using NMR studies, this structure was found for the analogs formyl-Met-Aib-Phe-OH, formyl-Met-Aib-PheOMe, and formyl-Met-Pro-Phe-OMe. 15, 17, 43 Following IR and Circular Dichroïsm studies this structure was also found for fMLP-OH, fMLCha-OMe, and fMLP-OMe. 44 The stereoscopic superposition view of the minimized structure of this latter using the Metropolis Montecarlo procedure, 45 with our γ turn structure centered on Leu (conformer 1, table 1) is presented in Fig.4b and shows the great similarity between both structures.
The third class is that of the conformers characterized by the presence of another γ turn structure centered this time on the Met residue, and represented by seven conformers (8, 10, 17, 26, 31, 34 and 45) . Such structure is stabilized by an intramolecular hydrogen bond involving the CO formyl and NH of Leu. The stereoscopic superposition view of the conformers belong to this class is presented in Fig.3c .
The fourth class gathers structures in a double γ turns ( a γ turn centered on Met and a γ turn centered on Leu at the same time) and include three conformers (7, 27 , and 32). The stereoscopic superposition view of the three conformers of this group is given in Fig.3d . Using NMR studies Lucente et al have proposed this structure for the for-Met-Dag-Phe-OMe and for-Met-Cpg-PheOMe analogs. 46 However, by molecular modeling, Michel et al proposed it as the rigidified precursor for extended conformation after the release of the intramolecular H-bond by external interactions. 16 The eleven remaining conformers, not belonging to any of the classes above, are mainly stabilized by hydrophobic interactions and characterized by favorable entropic terms, leading to lower For the thioamide analog fML S P-OMe, the table 2 shows that preferred structures are distributed on the same classes found previously for fMLP-OMe: 19 for the first class (β turn centered on Met and Leu), 2 for the second (γ turn structures centred on Leu), 17 for the third (γ turn structures centred on Met), and 4 for the fourth class (double γ turns structures). The stereoscopic superposition views of structures of different classes obtained for this molecule (fML S P-OMe) are presented in Appendice 3.
Discussion
The main structural difference that can explain the dramatic fall in fML S P-OMe activity compared to that of the potent peptide fMLP-OMe can be deduced directly from the comparison of Tables 1 and 2 , and considering the number of times where the two pharmacophores, CO(formyl) and NH(Leu), are involved in intramolecular hydrogen bonds in both cases. For fML S P-OMe, the CO(-formyl) group acts as H acceptor 30 times: C 10 β turns in 9 cases and C 7 γ turns in 21 cases. On the contrary for the parent peptide fMLP-OMe, the situation is very different: This group is involved in intramolecular hydrogen bonds only 15 times: C 10 β turns in 5 cases and C 7 γ turns in 10 cases. Likewise, the NH(Leu) is involved in hydrogen bonds 21 times for the fML S P-OMe and only 10 times for the fMLP-OMe. This result is in perfect agreement with the literature which emphasizes the importance of the availability of these two groups in the formation of the substrate-receptor complex. 7, 16, 39, [47] [48] [49] [50] [51] [52] [53] [54] The determination of the native structure of the fMLP analogs can be deduced by comparing the conformational preferences of the two tripeptides for the conformers that we have presented in Table1 and Table 2 .
The fact that we found almost the same number of conformers adopting the β turn structure (1 st class, Fig.3a) for the active peptide fMLP-OMe (17 times), and for its inactive analog fML S P-OMe (19 times), rejects the proposition that this structure may be the native structure of chemotactic peptides. Indeed, if this structure was native, the thioamide analog would also have been active.
The double γ turns structure (4 th class, Fig.3d ) will also be rejected for the same reason, the fMLP-OMe adopts this structure 3 times and the fML S P-OMe, devoid of any activity, adopts it 4 times.
The γ turn structure centered on Met (3 rd class, Fig.3c ) is more preferred by the inactive thioamide analog (17 times, table 2) compared to the parent peptide (7 times, table 1), consequently, its chance to be native becomes weak. We note here that in this structure the two groups CO(formyl) and NH(Leu) are involved in an intramolecular hydrogen bond which decreases their availability to participate in the process of molecular recognition and justify the inactivity of the thionated analog. It is very important to remember that the large preference of the fML-S P-OMe to adopt this structure over than fMLP-OMe is not a stroke of luck, since the generated departure conformations were identical for the two molecules.
The γ turn structure centered on Leu (2 nd class, Fig.3b ) seems to be the native structure of fMLP analogs; firstly, because it is more preferred by the active parent peptide fMLP-OMe (12 times) than for its inactive analog fML S P-OMe (2 times). Secondly, it confirms the importance of the CO(formyl) and NH(Leu) that has been mentioned above. Indeed in this structure, the two groups are not involved in any intramolecular hydrogen bond, which allows us to suggest them as pharmacophores responsible for the formation of the substrate-receptor complex.
Since several structures (β turns, γ turns and extended) have been proposed for active fMLP analogs, and given the great importance of the two pharmacophores CO(-formyl) and NH at position 2 demonstrated in this study, we can suggest that in the molecular recognition process it is the "Induced fit" model of Burgen which applies. 55, 56 According to this model, there is no requirement for a molecule to take a specific secondary structure (β turn, γ turn or extended….), because any conformer, within reasonable limits, can be extracted from the solution and bound by the receptor. For the fMLP active analogs, we suggest that the substrate binds in a first step with the receptor proposing the CO formyl (necessary but not sufficient condition), after several conformational changes for both receptor and substrate, this latter proposes the determinant NH group at position 2 for the constructive interaction with the receptor. The absence of structural data from studies of the interaction of fMLP with its receptors makes a docking study necessary to validate the proposed model and confirm the importance of these two groups in the molecular recognition process.
Conclusion
The comparative conformational study of fM-LP-OMe and its analog fML S P-OMe described in present work allowed us to deduce three fundamental aspects concerning the structural requirements of fMLP analogs receptors. a) The γ turn structure centered on the central residue seems to be the native structure of the chemotactic peptide analogs. b) The CO(formyl) and NH at position 2 must be free of any intramolecular hydrogen bond and available for a constructive interaction with the receptor. c) The inactive analog fML S P-OMe prefers a γ turn structure centered on the Met residue. Our results and a careful examination of the recent literature enable us to suggest the "Induced-fit" model of Burgen in the molecular recognition process, and that the fMLP analogs activity is not related to the adoption of a specific secondary structure (β turn, γ turn or extended…..), but rather to the freedom and availability of the CO (formyl) and NH group at position 2 to form the substrate-receptor complex.
